Electromagnetic induction by a non-uniform source over a layered halfspace is studied. A method is described for solving such problems when the current intensity distribution is such that no analytic integration to obtain the field quantities is possible. A number of models are considered using a general computer program. Apparent resistivity curves are calculated and compared with previous results. Phase curves and field component profiles are calculated.
Introduction
Increasing interest has been shown in modelling and interpretation of electromagnetic induction anomalies during the past 15 years. Several approaches to the problem have been employed, including analytical, analogue and numerical techniques.
Analytical techniques are limited in that only particular models of simple geometry may be considered. Models of more complex geometry may be studied by analogue techniques but such experimental measurements are often limited by edge effects and the range of conductivities that may be employed. The numerical techniques provide a versatile method which may be used for wide conductivity ranges and to approximate complex geometries. Studies to date have included calculations for either uniform or specific simple source geometries (e.g. a line current source or a horizontal or vertical dipole). Hermance & Peltier (1970) solved the induction problem for a line current source in the manner suggested by Price (1950) . This work was then extended by Peltier & Hermance (1971) to a sheet current source with an intensity of Gaussian shape. Hibbs & Jones (1973a, b) generalized the method used by Peltier & Hermance to include non-symmetric as well as symmetric source configurations. Laterally inhomogeneous earth models were also studied by combining the approach of Peltier & Hermance with the numerical modelling method of Jones & Price (1970) as programmed by Jones & Pascoe (1971) and Pascoe & Jones (1972) .
The above work was limited in that only source configurations for which the source coefficient C(s) as described by Peltier & Hermance (1971) are obtained analytically could be modelled. It is clear that more general source configurations exist, particularly in high latitude regions (Kisabeth & Rostoker 1971) .
A method in which any arbitrary source configuration may be represented is desirable. In the present work we give a method in which a general source configuration may be represented. This method provides field values for a layered earth. More general problems may be studied by using these values as boundary conditions for a numerical technique.
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Mathematical formulation
The co-ordinate system used throughout is given in Fig. 1 . A layered conductor occupies the half-space z > 0. A sheet current source is assumed to flow parallel to the surface of the Earth at a heightz, = -1/ 11. Peltier & Hermance (1971) showed that for a horizontally-layered earth and for a symmetric current source the elementary electric field in the tz-th layer is
where and s, w , p o and an are respectively the spatial wave number, the angular frequency, the permeability of free space and the conductivity of the rz-th layer. For a sheet current with a Gaussian distribution function where I , is the maximum intensity and K is the standard deviation of the source.
The quantities A , and B, are determined by the conductivity configuration and the solution for the electric field is completed by taking the sum of Ex" over all s:
E&,z) = J {A,exp (-8,,z)+~,exp (e,z))c(s)cos (sy)ds.
(3)
0
After calculating Ex, the magnetic components may be determined:
.sin (sy)ds.
s
The half space above the Earth is considered as the first layer, and if A , = 1 then C(s) is a frequency dependent parameter of the source. B , may be thought of as a reflection coefficient which represents the contribution to the total electric field at the surface by the sub-surface layers. For a three-layered conductor B4 = 0 so that ES4 will not become infinite with depth. The other A , and B, values may be determined since the tangential Components of E," and H," must be continuous across layer boundaries. This gives This general method may be extended to more layers if desired. It should also be pointed out that the convergence of the field integrals is discussed by Hermance & Peltier (1970) and Peltier & Hermance (1971) .
The arbitrary source
A general source intensity distribution may be constructed from a number of elementary sources by superposition. A Gaussian intensity distribution of small halfwidth (1-10 km) has been chosen here as the elementary source. A number of these elementary Gaussian sources of equal maximum intensity are then spatially shifted so that a rectangular current intensity distribution may be approximated. The electric and magnetic field values are then obtained by superimposing the spatially shifted fields of the elemental sources. An arbitrary current intensity distribution may then be approximated in a piecewise continuous manner by weighting a number of spatially shifted rectangular current distributions in accordance with the trapezoidal rule where the field components are spatially shifted and superimposed. The solution for a two-dimensional source of arbitrary intensity distribution over a layered Earth may thus be approximated. This is equivalent to convolving the arbitrary current distribution with the Green's function of the rectangular current distribution.
The arbitrary current source could be approximated by directly shifting and summing the elemental Gaussian field solutions using a criterion such as a least squares process to weight the Gaussians. However, this would increase the number of computations required by a factor equal to the number of Gaussians used to construct the rectangular current source distribution.
Because of its simplicity, the method is readily applied to modelling problems. The width of the rectangular distribution and therefore the half width of the elemental Gaussian can be easily estimated by linearly approximating the arbitrary current source to the desired accuracy. As many elemental Gaussians as desired can be used to represent the rectangular distribution and for the examples here 3 and 31 Gaussians have been used. 
Quantitative comparison between two representations of the rectangular current disfribution and comparison with previous results
In order to obtain an indication of how well the elemental Gaussian and rectangular representation of a source will approximate the solution for a case in which C(s) may be represented analytically several comparisons were made. It is advantageous to represent the rectangular current distribution using as few elemental Gaussian currents as possible. To determine the number that may be used a comparison of the field values calculated by using three elemental Gaussians with those caIculated by 3 1 elemental Gaussians to represent the same rectangular source was made. Calculations of the field values at the surface of a two-layered Earth in which a 50-km layer of 100 ohm m resistivity overlays a half-space of resistivity 10 ohm m at three frequencies (1 .O, 0.01 and 0.0001 Hz) were made for Gaussian sheet current intensity distributions with half widths equal to 0.968 and 10.0 km. A rectangular current distribution of 30-km width was approximated by 31 of the 0.968-km elemental Gaussian currents spatially shifted one kilometre and compared with a representation of the 30-km rectangular current composed of three elemental Gaussian currents of 10-km half width shifted one half width. The results are shown in Tables 1 and 2 . The horizontal components are normalized at the origin in both tables, whereas H , is normalized at 15 km in Table 1 and 400 km in Table 2 . From the tables it is clear that the three 10-km elemental Gaussian currents well represent the rectangular current distribution in the calculation of the field values.
Also, in Tables 3 and 4 constructed from 30-km rectangular current sources employing the two approximations as used above. The same subsurface and frequencies as in Tables 1 and 2 were used. Ex and H,, are normalized at the origin in both tables while H , is normalized at 15 km in Table 3 and 400 km in Table 4 . Table 3 shows that for distances of 150 km or less from the origin the two solutions are nearly identical. Table 4 indicates that the two solutions differ as the distance from the origin increases. This is because the piecewise continuous source is terminated at 720 km whereas the Gaussian source continues to infinity. This is particularly evident in the H , component which one would expect to increase when the current intensity changes rapidly. A further comparison with previous results was made for a sheet current source of intensity distribution (y-b)exp [(llb) (y-b)]u(y-b) where b = -480km and u(y-b) is the unit step function. Using the present method, the source was approxi-mated by 49 rectangular sources of 30-km width. Each rectangular source was approximated by three elemental Gaussians of half width 10 km and spatially shifted one half width. These calculations were made over a range of periods from 1 .O s to lo6 s for the same subsurface as above. The apparent resistivity and phase curves for this case are shown in Figs 2 and 3. The apparent resistivity curves are calculated for points at intervals of 200 km over the range from -lo3 to lo3 km. The phase calculations illustrate the difference between the phase of Ex and the phase of H y for the various frequencies at the different positions on the surface of the Earth beneath the source. The field profiles of Ex, H y and H , for 10, 103 and lo5 s period are shown in Fig. 4 .
The apparent resistivity curves of Figs 2 and 3 illustrate the typical spreading as a function of position at longer periods and compare well with those obtained previously (Hibbs & Jones 1973b) . A comparison of apparent resistivity curves is a good check on the accuracy of the method. Highly accurate field values are required to calculate the apparent resistivity curves since the field values are squared and a ratio taken. If the field values are inaccurate this produces spreading of the apparent resistivity curves at short period as well as incorrect values at long period. Also the field profiles for Ex andH, of Fig. 4 compare favourably with previous work. However, the vertical magnetic component (H,) increases near lo3 km. This is because the current source is terminated at + 1010 km whereas previously the source continued to infinity. The results shown in these plots, as well as the apparent resistivity ones of Figs 2 and 3, reflect the non-symmetric character of the source. Fig. 5 gives the apparent resistivity and phase curves for the elemental Gaussian itself. The Gaussian source is symmetric and the results for +y and -y are identical. The spreading of the curves at longer period as a function of position is again evident. At short periods the phase difference between Ex and H y is 45 degrees at all positions beneath the source. However, as the period increases this phase difference becomes dependent on the position relative to the source. This effect is evident for all the nonuniform source models. The field component profiles are shown in Fig. 6 .
The second conductivity configuration considered was that of a two-layered Earth with upper layer 4 km thick and resistivity 0.25ohmm with an underlying half-space of resistivity 250 ohm m. The source was constructed in the same manner as in the previous model. The apparent resistivity and phase curves are shown in Figs 7 and 8 and the field component profiles in Fig. 9 . The apparent resistivity curves again compare well with those obtained previously by Hibbs & Jones (1973b composed of 14 rectangles, each 30-km width and with intensity coefficients as given in Fig. 10 . Each of the rectangles was approximated by three elemental Gaussians of 10-km half width. The conductivity configuration was that of a two-layered Earth with upper layer 50 km deep and resistivity 100 ohm m. The second layer was a half-space of resistivity 10 ohm m. The apparent resistivity and phase curves are given in Figs 11 and 12 and the field component profiles in Fig. 13 . For this third arbitrary model the spreading of the apparent resistivity curves for different positions under the source at long periods is evident as in the other two models.
By superimposing elemental Gaussian solutions to construct rectangular current segments any general source configuration can be approximated. This provides much flexibility in the construction of sources to aid in the removal of source effects from array data and also in the study of source configurations from ground measurements when the conductivity of the Earth is considered. This approach may
